Abstract. Various types of slope processes, mainly landslides and avalanches (snow, rock, clay and debris) pose together with floods the main geohazards in Norway. Landslides and avalanches have caused more than 2000 casualties and considerable damage to infrastructure over the last 150 years. The interdisciplinary research project "GeoExtreme" focuses on investigating the coupling between meteorological factors and landslides and avalanches, extrapolating this into the near future with a changing climate and estimating the socioeconomic implications. The main objective of the project is to predict future geohazard changes in a changing climate. A database consisting of more than 20 000 recorded historical events have been coupled with a meteorological database to assess the predictability of landslides and avalanches caused by meteorological conditions. Present day climate and near future climate scenarios are modelled with a global climate model on a stretched grid, focusing on extreme weather events in Norway. The effects of climate change on landslides and avalanche activity are studied in four selected areas covering the most important climatic regions in Norway. The statistical analysis of historical landslide and avalanche events versus weather observations shows strong regional differences in the country. Avalanches show the best correlation with weather events while landslides and rockfalls are less correlated. The new climate modelling approach applying spectral nudging to achieve a regional downscaling for Norway proves to reproduce extreme events of precipitation much better than conventional
Introduction
The most common geohazards in Norway are related to avalanches, landslides and floods (Gregersen and Sandersen, 1989; Furseth, 2006) . Accordingly, in the present paper, the terms "landslide and avalanches" includes snow avalanches, debris flows, rockfalls, rock avalanches and quick-clay slides. Landslides and avalanches are often triggered as a function of distinct meteorological conditions, in particular extreme weather events, such as major storms with heavy rain-and snowfall (Sandersen et al, 1996) . Preceded by a complex interaction of meteorological and geological processes acting at short and long time scales, the triggering mechanisms are further complicated by local and regional variations in the snow cover and geology. This makes it difficult to predict deterministically the time and location of any landslide and avalanche event. Short-and long-term meteorological variables such as precipitation, wind and air temperature exhibit a strong control on the timing of landslide and avalanche release and can be used to model the (www.skrednett.no, NGU) . Brown rectangles show the detailed study areas of this project.
probability of events, given a set of meteorological elements observed in the vicinity of the event. Quick-clay slides in exposed marine sediments represent a particularly high hazard in eastern and central Norway, but do also occur in parts of western and northern Norway. Snow avalanches affect large parts of western and northern Norway and are the geohazard which most frequently leads to loss of lives and infrastructure damage in Norway.
Large rock movements, which can generate devastating tsunamis in the fjords, are most common in western Norway and in the Troms area in northern Norway (Blikra et al., 2006) . The number of deaths caused by all types of landslides and avalanches in Norway over the past 150 years exceeds 2000, of which snow avalanches are responsible for more than 1500 ( Fig. 1.1 and 1 .2). Due to the widespread development of recreational infrastructure in rural areas, society has become more vulnerable to geohazards, as a consequence of increased use of susceptible areas (NOU 24, 2000) .
In addition to a general climatic warming, regional climate models predict increasing frequency and strength of extreme weather events (particularly precipitation) in Norway in the next 50 years (RegClim, 2006) . This may lead to an increase in the frequency of situations leading to geohazard events. It should be noted, however, that a climate induced increase in geohazards is not unequivocal. The snow avalanche hazard may for instance, decrease in some regions due to increasing elevation of both the snow line and the tree line and a shortening of the snow season.
Better planning of mitigation measures requires an improved understanding of the relationships between meteorological conditions and geomorphologic processes leading to geohazards, as well as their socio-economic consequences. The GeoExtreme project aims at integrating natural and social sciences with the following main objectives: -Establish relationships between meteorological conditions (triggering factors) and geohazards, landslides and avalanches, based on historical records for Norway .
-Produce high-resolution historical as well as future climatic scenarios for the next 50 years , as input to assessments of the frequency and magnitude of future geohazard events.
-Establish geohazard scenarios for the next decades in selected regions of Norway based on the historical records and climate scenarios.
-Assess the socio-economic effects of geohazards for the Norwegian society in relation to historical experience (e.g. how society is adapted to cope with geohazards) and future climate scenarios.
This paper gives a presentation of the GeoExtreme project (duration 2005-2008) activities and presents some preliminary results from the ongoing research.
Landslide and avalanche events due to specific meteorological conditions -Analyses of historical events.
The objective is to improve the understanding of the coupling between meteorological events and the occurrence of landslides and avalanches by comparing recorded historical events with meteorological data.
Materials and methods
To obtain an overview of historical landslide and avalanche events databases from different authorities and organizations (Norwegian Geological Survey, Norwegian Geotechnical Institute, Road Authorities and others) in Norway were integrated into a database including 20 986 landslides and avalanches all over the country. The data covers events where property or life were affected and events without damage. Unfortunately, the spatial and historical coverage of events is limited. Systematic registration of landslide and avalanche events by the road authorities started first in the 1970s, with the majority of registrations in the last 30 years. Earlier events back to the 14th century are limited to destructive events with fatalities or loss of property. For all landslide and avalanche events the spatial distribution is limited to populated areas or transport corridors such as roads and railways. Remote and undeveloped mountain areas are only exceptionally covered by registrations. Details on the database can be found in . Norwegian meteorological data are available from the first operational observation stations which were established in late 19th century. National datasets covering the entire country are produced for data available after 1961 (Tveito et al., 2005; Jansson et al., 2007) . Interpolated daily gridded data of observed temperature and precipitation has been prepared for the entire country on a 1 km grid for the period from 1961 until today ( Fig. 2.1 ). This homogenous dataset was used to derive a set of 41 different meteorological elements that could be relevant in releasing landslides and avalanches (e.g. accumulated precipitation over intervals of one to several days, degree days, rain-on-snow events, cold periods, frost cycles, etc.) by simple matrix calculations on the entire grids (Vikhamar-Schuler and Isaksen, 2006) . Additionally, results from reanalysis data of sea pressure (Uppala et al., 2004) were used to produce daily wind fields for the same period.
For each landslide and avalanche event that had a known date and location within the period 1961 to 2005 (a total number of 20 000 events out of the total 20 986) the 41 meteorological elements were extracted from the meteorological grids. This data set was then used in a classification tree analysis to identify the most relevant meteorological elements causing landslides and avalanches.
Results
The results show that snow avalanches have the highest correlation with meteorological elements such as wind and precipitation while rockfalls show the lowest correlation. The most important elements triggering landslides or avalanches vary spatially over the country. While precipitation is the most important trigger for snow avalanches in the coastal western part of the country, wind plays an important role in northern Norway (Fig. 2.2 ). Debris flows can be explained both by short-term intensive precipitation events as well as rain accumulating over a longer period of up to 15 days. Most likely this can be explained with two different geomechanical release processes: a) surface erosion during short and intense storm events and b) slow build up of soil pore pressure over longer time periods with lower rainfall intensity. In addition, snowmelt in spring is an important triggering factor for debris flows in Norway.
The inhomogeneous data acquisition for the landslide and avalanche database prohibits a frequency analysis directly on the recorded events. Therefore, the combination of meteorological data from a homogenous dataset with the landslide and avalanche database bypasses these limitations. Frequency analysis on the most important trigger elements will allow comparison with future climate scenarios.
Regional modelling of current climate and future climate scenario
The objectives are to produce high resolution climate and weather scenarios for the present and the next 50 years with special focus on extreme events.
Materials and methods

Modelling of historic to current regional climate
The reanalysis from National Centres for Environmental Prediction (NCEP) and the European Centre for Medium Range Forecasts (ECMWF) are together with point observations the best estimate of the historic state of the atmosphere. However, to some extent, it deviates from the true, unknown state. The large scales are best described, simply because they are better sampled by the observational network and the resolution of the data assimilation systems. Local climate details on scales of 100 km or less are insufficiently represented and subject to significant uncertainty. As the reanalysis only provides the large scale features, regionally higher resolved models may be used to dynamically downscale information from the atmosphere. To date, in nearly all dynamical downscaling studies performed, the forcing is administered exclusively at the lateral boundaries of the area in focus. The problem resulting from only imposing the large scale forcing on the boundaries has become more apparent as experiences with regional climate models have grown during the last decade (Vukicevic and Errico, 1990 , Jones et al., 1995 , Miguez-Macho et al., 2004 . To reduce these problems selective spectral nudging (Waldron et al., 1996) in a global climate model (Arpege/IFS; Deque et al., 1994; Deque and Piedelievre, 1995; Deque et al., 1998 ) with a stretched grid configuration is proposed. The nudging provides large scale flow consistent with the large scale circulation obtained from the reanalysis, but let the model freely develop small-scale features related to topography and local scale circulation patterns (von Storch et al., 2000 (von Storch et al., , 2004 .
Using the selective spectral nudging in a global model will also eliminate the problem related to the technical treatment of the lateral boundaries. This is a novel approach, which may be of importance in modelling of extreme events as it ensures that variability on all the nudged scales are maintained in the system. The results will provide a valuable dataset for analyzing and understanding local extreme events which are poorly represented by the coarse resolution reanalysis and the observational network, and make it possible to link this to investigate past geohazard events. Figure 3 .1 shows the stretched grid of the applied model with the focus point of highest resolution in the North Sea.
The Arpege/IFS system is well suited for doing the spectral nudging since it shares the same dynamical core and vertical coordinate system as the ERA40 reanalysis (Uppala et al., 2004) . To reduce errors related to vertical interpolations, the model is run with the same vertical levels as the ERA40 (60 levels). The reanalysis is available in spectral space on its original resolution every 6 h, and are linearly interpolated to the stretched grid configuration and to model time steps so that the data can be nudged into the system at every time step. Technical details can be found in Barstad et al. (2006) . The dataset will contain high resolution physical consistent data of winds, cloud cover, precipitation, temperatures, soil temperatures and moisture, snow cover, snow water equivalent etc. every 3 to 6 h from 1961 to 1990. The uncertainty in the different variables will be dependent on the quality of the large scale features in the ERA40 data and on how constrained the variable is by the observed quantities that go into the ERA40 reanalysis. Thus, variables induced by local factors (for example local convective precipitation, sea breeze etc.) are more uncertain than variables that are constrained by the large scale flow (for example frontal precipitation, winds related to large scale cyclones etc.)
Modelling of future climate
The same model configuration without the nudging is run using prescribed Sea Surface Temperature (SST) changes from a global coupled climate model. Two 30-year simulations corresponding to 1961-1990 and 2036-2065 are performed. Monthly mean observed SST is used for the present climate simulation . This allows for the validation of the variable resolution model by comparing the simulation with observations. Another advantage is that SST forcings from different models can be tested without running different control simulations, allowing more experiments due to saved computer time. From 2035 through 2065, monthly SSTs are created by adding anomalies from the described coupled scenario to observed SSTs. By using only anomalies any SST biases in the coupled model will be removed. 
Results
Here results from the nudge downscaling are shown for comparison with observations in the time period .
Generally, the nudged simulation shows good agreement for wind, temperature and precipitation. In reference to the original ERA40 dataset, the largest improvements are found for winds along the coast and for precipitation. Fig. 3 .2 presents examples of wind and precipitation distribution for some stations along the coast. Generally, days with wind up to 15 m/s are slightly overestimated. More windy days are slightly underestimated. Maximum winds are considerably higher than in ERA40 and more in line with the observations. Fig. 3.2 . Comparison of daily precipitation shows a clear improvement in the nudged simulation compared to the ERA40 dataset, both for small and high daily accumulation sums. For the 99 percentile, the nudged simulation has about 25% underestimation while the ERA40 has about 50%, see Table 3 .1. The temperature in the nudged simulation verifies well, but in cold winter days (<−10 • C) at inland stations, the nudged simulation (and ERA40) appears somewhat too warm (not shown) possibly related to problems in simulating the strength of shallow inversion layers. In general the nudged simulation gives added value in both the mean and extreme cases compared to the ERA40. The results form the future climate scenarios will be available in mid 2008 and provide the basis for the analysis of future changes in the landslide and avalanche pattern in Norway.
Future changes in geohazard patterns based on climate model scenarios
The objective is to use the results from the historical analysis of slope events in combination with the future climate scenarios to establish future hazard scenarios in selected regions of Norway. 
Materials and methods
Changes in the climatic regime cause basically a change in the trigger level for landslides and avalanches and thereby change the frequencies and location of such events. Accordingly, a new geohazard pattern may influence the vulnerability of threatened objects and infrastructure. The study is concentrated on four key areas ( Fig. 1.1 ) that are different with respect to dominating landslide and avalanche types, climate, and the population and infrastructure pattern. The four areas are:
1. The Oslo area, Southeast Norway at 60 • N, 60 km 2 . The Oslo area is the most heavily populated area in Norway with almost 1/3 of the total population including the capital. Focus is on landslides in marine clays. The area is known for its unstable ground and quickclay landslide accidents (e.g. Furseth, 2006 ) occur frequently in connection with events of long-lasting or intensive precipitation and high river discharge (Jaedicke and Kleven, 2007) .
2. The Tromsø area, North Norway at 69 • N, 30 km 2 . Due to the alpine fjord landscape relatively large areas of the town of Tromsø are situated in hazardous areas, threatened by snow avalanches, debris flows and rockfalls. The suburban areas are growing extensively, and the pressure on land for construction purposes is pushing the limits into hazardous areas in the mountain sides.
3. The Hjelledalen valley, West Norway at 62 • N, 30 km 2 . This is a narrow glacially shaped valley with 1000 m high mountains on each side. The valley is affected by snow avalanches, rockfalls and debris flows. It is scarcely populated but contains one of the main roads connecting eastern and western Norway. The study in this area mainly focuses on snow avalanches but also rockfalls and debris flows are studied.
4. The Otta area, Gudbrandsdalen valley, East Norway at 62 • N, 25 km 2 . The Otta area is one of the driest areas in Norway with only 375 mm annual precipitation (www.met.no). Nevertheless, the area is also known for its floods and accompanying shallow landslides and debris flows. Existing debris flow data (Sletten, 2002; Sletten and Blikra, 2007) show a probability of about 1 event each 500-1000 years in most of the flow tracks. An important task is to evaluate the probability of a new major event, equivalent to the devastating landslides during the "Storofsen" flood in 1789, in a future climate regime.
In order to quantify changes in landslide and avalanche hazard, the initial step was to describe the present situation in the four study sites. By the use of hazard zonation detailed hazard maps with regard to different return periods and type of events were established. The hazard zonations are based on input from mapping of colluvium, slide tracks and source areas (Fig. 4.1) , modeling of susceptibility for shallow landslides (Fig. 4.2) and modelling of potential avalanche and rockfall run-out distances. Using the results from the statistical analysis of landslide and avalanche versus weather events and the downscaled climate modelling, the established hazard maps for the present climate will be modified to represent an estimate around year 2050. The results of the case studies will be used for a regional extrapolation of the effects of future climate scenarios on geohazard problems. 4.2 Example: modelling of shallow landslide probability at present precipitation conditions and future scenario
In this section the selected modelling approach to study the effect of changes in precipitation on shallow landslide initiation in the Otta area will be presented. Some preliminary results are shown as well.
Methodology
The main idea of this part of the project is to analyse the stability conditions for shallow landslides considering present and future precipitation scenarios, by coupling a hydrological model with infinite slope stability analysis. In order to evaluate a large set of precipitation conditions, and thus modelling the response of soil to short and long term precipitation events, 3 hydrological modelling approaches have been tested: steady subsurface flow model (Montgomery and Dietrich, 1994 ), diffusivity transient model (Iverson, 2000) , and a combination of them (D'Odorico et al., 2003; D'Odorico et al., 2005) . Taking into consideration the uncertainty of the data and the difficulty to calibrate the model with actual events, Monte Carlo simulations were used. The spatial variability of soil parameters was modelled by using the Quaternary map (Fig. 4.1 ). This map contains information about type and thickness of deposits.
The deposits are classified as discontinuous when the soil thickness is less than 1 m and continuous when the thickness is larger than 1 m. Locally, the continuous deposits can reach up to 3-4 m of thickness. To each deposit a set of soil properties was assigned according to the following criteria:
-Hydraulic conductivity was estimated from grain-size distribution analysis, carried out on sediment samples collected in close proximity of landslide scars in the Otta area.
-Cohesion, friction angle, and soil unit weight were derived from laboratory analysis of the deposits sampled in the field.
Regarding the precipitation, it was decided to focus on extreme events with 5, 100, and 1000 years return period and duration of 1 day. The analysis of extreme precipitation (Alexandersson et al., 2001) has shown that the selected return periods correspond to precipitations of 39, 69, and 105 mm/d respectively. Since, at the moment, no future climate simulations were available, a 20% increase of precipitation was assumed according to the scenarios of extreme events modelled for the period 2030-2049 (Skaugen et al., 2002) .
For each selected precipitation the peak pressure head is calculated thus allowing the evaluation of the Factor of Safety (FS) at the critical time for each event. This procedure was repeated for each of the Monte Carlo simulation (5000 in total) and the probability of failure (i.e., the probability of FS ≤1) was calculated.
Results
In Fig. 4.2 (a) one result of the stability analysis is shown. In this case the piezometric conditions were modelled by using a combination of subsurface flow model and diffusivity 
Fig. 4.2b
An increase of 20% in the precipitation intensity is assumed. The results are visualized as the difference between the probability of failure at the present precipitation conditions (Fig. 4.2a) and the probability of failure at the modelled future conditions. Areas showing decreased probability of failure were not detected in the study area. transient model. The precipitation was set at 69 mm per 1 day corresponding to a 100 year return period. Assuming an increase of 20% in rainfall (i.e., 83 mm/d), the same hydrological model was run to understand the influence of changes in precipitation on the stability conditions. The comparison between present condition and future scenario is shown in Fig. 4.2 (b) as difference in probability of failure. The analysis of the simulations has shown that for some potential source areas the difference in the probability of failure between present conditions and future scenario is statistically significant. The present analysis (Fig. 4.2a and b ) is based on a 50 km meteorological grid model. Higher precision in the results is expected once the high resolution climate modelling is available. A similar modelling strategy may also be used in the Tromsø area.
Socio-economic consequences of future changes in geohazards
The objective of the socio-economic analysis is to estimate the cost of a change in the frequencies of geohazard events in a future climate. Two challenges will be addressed in particular. First, the geographical dimension in which the hazard zones for landslides and avalanches are given is not straightforwardly dealt with by standard economic analytical tools. Second, the damage of an event with a given return period depends on how well people at risk are prepared. Thus, the increase in damage related to climate change is also subject to precautionary actions taken to prevent or protect against damage. When the risk is known, criteria for adaptation are developed by calculating the expected loss from landslides and avalanches. There are many examples of people that adapt inadequately to known risks of natural hazards, and risk management in cases of natural hazards is poorly understood (Pollak, 1998) . Several explanations have been provided, but this study addresses the fact that individuals do not carry the full responsibility of natural hazard risks in Norway. It shows also how the cost of landslides and avalanches is likely to exceed the cost of cost-effective adaptation. Cost-effective adaptation is defined as the expected social cost of landslides and avalanches when actors purchase insurance in a perfect insurance market. 
Mapping the elements at risk
The damage estimates are based on a mapping of the elements at risk in the area. This is derived by combining maps over assets and maps over areas with landslide and avalanches of different return periods. Both are provided as digital maps. GIS information about existing real capital was applied. High resolution GIS-data scale 1:5000 allowed us to limit the grids in Hjelledalen to 1×1 m ( Fig. 5.1 ). The map indicates buildings, roads, forested land and agricultural zones. Neither damage on mobile objects, nor damages to humans are included in the estimates. Each grid point is covered by one and only one object. Thus, the value of the grid can be attached according to the observed object, which is classified as land, certain types of buildings or local, regional and national standards of roads. If only less detailed information is available, the valuation of objects will be less specific, but the same approach is applied.
To estimate the damage from landslides and avalanches, the elements at risk map was coupled with probability maps indicating zones subject to landslides and avalanches. The landslides and avalanches were divided into three categories (snow avalanches, rockfall, debris flows), and the probability of snow avalanches were given for both one event per 100 and 1000 years. The hatched areas (red) in Fig. 5 .1 indicate the extension of debris flows of a 100 years return period.
The maps constitute the information required to make an inventory of values at risk in the area, which are shown in Table 5 .1. The detailed information allows for a specification of capital category. Buildings represent the largest capital category at risk in this area for most events. Roads with a relatively large value are, however, found in areas with a risk of rockfalls.
Evaluation of development in hazardous areas
Under the assumption, that an event destroys everything within the hazard zone (e.g. the vulnerability is set to 1), the expected damage is found by multiplying the value of the elements at risk and probabilities of occurrence of geohazards (0.01 for events with 100 year's frequency, and 0.001 for events with 1000 year's frequency). However, events rarely damage the entire value of the object in place. The damage extent will most likely depend on the type of object and the type of landslide or avalanche.
To take the differences of such characteristics into account, an exponential distribution of the form F (z)=exp(−β z α ) was assumed as a damage function for each type of event and for each category of capital. z is a stochastic variable, which represents a range of variables, partly related to the nature of the event, such as the force of an event, and partly to the object that is hit. With the detailed information about objects at risk in this study, the main stochastic element is likely to be related to the nature of the event. With larger grids however, a main element will be related also to what kind of values are at risk at the spot. The function F (z) measure the share of damage if the stochastic variable takes the value z.
In the example (Fig. 5. 2), the typical damage of a 1000 year avalanche is about 50 percent of the value in place, which is shown by the blue distribution. The red distribution illustrates a possible effect of implementing a measure to prevent or protect against damage, which in this case gives The distributions in Fig. 5 .2 allow ranking the area according to risk. A useful measure for ranking is the certainty equivalent value of one Norwegian krone in place. For a risk neutral agent, this is one minus the expected damage of an event, that is, similar to a ranking according to the probability of landslides or avalanches. The ranking is shown in Fig. 5 .3 for buildings and roads in the example from Hjelledalen. With a given standard for the level of security with respect to landslides and avalanches, the excess m 2 development that has taken place under some criteria for acceptable risk set by the central authorities can be estimated. The excess development can be read as the difference between the area at end point of each curve and the intersection between the curve and a safety standard on the y-axis in Fig. 5 .3. For example, if central authorities set a limit of 0.995 as the lowest permitted probability, the excess development indicated by Because of the excess development, the social cost of landslides and avalanches also becomes higher than they would be if the safety standard was followed. An illustration of the expected present-day cost of landslides and avalanches in the Hjelledalen area is shown is Fig. 5.4 . The numbers are, based on very vague approximations of damage functions, and should not be taken as absolute, but are given as examples of information that will be provided by the project.
Note also that the figures include economic costs only. No attempts were made to estimate the risk of life and injuries. As for the impacts of climate change, excess damage at present suggests that also an increase in the frequency of events will give an excess increase of damage. Better and more research based estimates of the damage distributions illustrated in Figure 5.2 will be developed in the project, and hazard zones as well as damage estimates will be made also for scenarios for future climate change.
For policy making, it is important to know what to do in order to attain a management regime that minimizes the extra costs that is related to the regime. This will also be subject to analysis in the remainder of the project. Focus will be in particular on what incentives central authorities may implement in order to make local authorities restrict permissions and thereby obtain development of areas that better corresponds to central authorities' safety standards.
Conclusions
The aim of the GeoExtreme project is to study the changing geohazard pattern in Norway due to a changing climate. A major focus in the project is to consider national datasets and use the study areas as verification rather then the other way round. Contrary to conventional research approach, to go into detail, the national picture was in focus. This objective was formulated out of the request from decision makers and politicians to present results that can serve as a basis for national priorities in climate change adaptation. This approach prohibited detailed process studies in selected areas, selected slopes or on single rocks. The results from GeoExtreme give a general overview over the whole of Norway. The study showed that the limitations of inhomogeneous data collection of landslide and avalanche events can be bypassed by combining the event database with a homogeneous meteorological dataset. This allows then statistical analysis to find the most important meteorological trigger elements for the various types of landslides and avalanches. The identified most important triggering element for different types of landslides and avalanches show a wide spatial variation on national scale in Norway. This implies that adaptation strategies need to consider regional differences already on the national planning level.
For future scenarios these regional differences can only be addressed with more detailed climate modelling. The new climate modelling approaches on a stretched grid successfully model extreme value frequencies on scales that correspond to the results from the statistical analysis of the slide events.
More detailed investigations of study areas and slope stability modelling give an impression of the consequences of a changing climate geohazard level for communities and settlements in the future. Again, regional differences will ask for adjustments of national climate adaptation strategies to the local conditions. The socio economic analysis shows that future geohazard risks may be limited by an unambiguous connection of the local authorities' right to decide and approve new development and their responsibility for damages by geohazards.
As a consequence, it is recommended to consider possible future changes to the geohazard level already in the planning phase of any new development and to adjust these considerations to the local and regional differences in the expected changes.
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